In recent years, many nonhuman primate models of viral infections have been developed to study virus-host interactions and to test the efficacy of possible vaccine candidates (9, 42, 45, 53, 54) . Importantly, monkey models of simian immunodeficiency virus (SIV) infection are the best animal models available to study human immunodeficiency virus (HIV) infection and AIDS pathogenesis (48, 49) . As the AIDS pandemic continues at an uncontrolled rate, and as new infectious diseases emerge (20, 47) , there is an urgent need to design strategies aimed at the prevention of viral transmission and control of early virus replication. Part of this effort is the development of immunomodulatory drugs that have the ability to stimulate innate antiviral immune responses that can block transmission or reduce early virus replication and thereby limit virus dissemination.
IFN-␣/␤ are critical cytokines in the initial phase of antiviral immune responses, as they serve two important functions: they exert direct innate antiviral effects via interferon-stimulated genes (ISG), and they promote adaptive cellular antiviral immune responses (6, 11, 12, 14, 18, 29, 32, 39, 40, 43, 51, 52, 57, 58) . Thus, the manipulation of the interferon system by immunomodulatory compounds, such as deoxycytidyl-deoxyguanosine oligonucleotides (CpG ODN), has potential utility as a therapeutic intervention aimed at the prevention and control of viral infections (36) .
There are three main classes of synthetic CpG ODN that differ in the type and magnitude of immune responses induced. CpG ODN of the A class (CpG-A ODN) are very strong inducers of alpha interferon (IFN-␣) by plasmacytoid dendritic cells (PDC) and are especially potent NK cell activators (35, 55, 56) . CpG-B ODN are weaker inducers of IFN-␣, but are potent activators of B cells (25, 35) . CpG-C ODN have the combined features of CpG-A and CpG-B ODN: they are strong inducers of PDC IFN-␣/␤ production and strong B-cell activators (24, 44, 67) . All classes of CpG ODN promote T helper 1 (Th1) responses to coadministered antigens through the induction of cytokines in activated dendritic cells.
Thus, due to the robust induction of IFN-␣, CpG-A ODN are potential candidates for prophylactic inducers of innate immune defenses in the prevention of viral infections and other infectious diseases. However, CpG-A ODN are not currently being developed for clinical use, because their poly(G) motifs render them more difficult to produce than the other CpG ODN classes (24, 35) . Few studies have yet investigated the immune properties of CpG-C ODN, but based on their known ability to induce strong IFN-␣/␤ production in human cells (24, 44, 67) , they could be used for therapeutic interventions in infectious disease settings.
Nonhuman primates can respond to the same CpG-A and CpG-B ODN that have strong immune activity in humans, and CpG-B ODN have been used successfully as vaccine adjuvants in several monkey studies (31, 62, 65, 66) . However, there are no published reports that CpG ODN can be used effectively for preventative or therapeutic interventions in viral diseases in nonhuman primates or humans.
The goal of the present study was to compare the relative suitability of the three CpG ODN classes for in vivo virus studies by defining the gene expression pattern in rhesus monkey peripheral blood mononuclear cells (PBMC) to stimulation with the three CpG ODN classes. Further, we sought to characterize the basis for the very different IFN-␣/␤ responses they induce and to determine the nature of the IFN-␣-producing cell types in CpG ODN-stimulated rhesus monkey PBMC. We found that the gene expression pattern induced in rhesus monkey PBMC is dependent on the type and dose of CpG ODN used for stimulation. Thus, CpG-A and CpG-C ODN, but not CpG-B ODN, were potent inducers of IFN-␣ responses, and this response was mediated predominantly by TLR9-expressing PDC. CpG-A ODN induced the most sustained IFN-␣ response, and this was associated with a stronger induction of the interferon regulatory factor 7 (IRF-7) and resulted in the strong and prolonged induction of several interferon-stimulated genes. The distinct cytokine expression patterns induced by the different CpG ODN classes suggest that each may have a unique clinical application.
MATERIALS AND METHODS
PBMC isolation and in vitro PBMC cultures. PBMC collected from rhesus macaques (Macaca mulatta), housed at the California National Primate Research Center in accordance with Association for the Assessment and Accreditation of Laboratory Animal Care standards, were isolated from heparin blood using lymphocyte separation medium from ICN Biomedicals (Aurora, OH). PBMC were cultured in 24-well plates at 1 ϫ 10 6 cells/ml in RPMI 1640 supplemented with 10% fetal bovine serum, penicillin-streptomycin and L-glutamine. CpG ODN were provided by Coley Pharmaceutical Group, Inc. (Wellesley, MA) and had undetectable endotoxin levels (Ͻ0.1 endotoxin unit/ml) as measured by a Limulus assay (BioWhittaker, Verviers, Belgium). The specific CpG ODN used were chosen as representative examples of each CpG ODN class based on their response in human PBMC (67) . PBMC were stimulated with 5 or 50 g of CpG ODN 2216 (A class), ODN 10106 (B class), or ODN 2395 (C class) per ml, and cultures were incubated for 6 h at 37°C and 5% CO 2 . The CpG ODN had the following sequences: CpG ODN 2216, GGGGGACGATCGTCGGG GGG; CpG ODN 10106, TCGTCGTTTTTCGTGCGTTTTT; CpG ODN 2395, TCGTCGTTTTCGGCGCGCGCCG. Control cultures consisted of PBMC cultured in medium only. To determine the kinetics of cytokine mRNA expression, PBMC were stimulated with 5 g of each class of CpG ODN and cultured for 4 days at 37°C and 5% CO 2 (cell viability was not significantly reduced during this culture period; data not shown). At 6, 12, 24, 48, and 96 h, cells and culture media were harvested. Cells were lysed in TRIzol for subsequent RNA isolation. Culture supernatants were analyzed for IFN-␣ and interferon-inducible protein 10 (IP-10/CXCL10) by enzyme-linked immunosorbent assay (ELISA).
ELISA. Samples of culture media were analyzed for IFN-␣ and IP-10/CXCL10 using commercially available ELISA kits from BioSource International (Camarillo, CA) and R&D Systems (Minneapolis, MN), respectively. All samples were tested in duplicate. It should be noted that the ELISA kit for IFN-␣ detects multiple IFN-␣ subtypes. Note that although it is stated by the manufacturer that the human IFN-␣ ELISA kit shows cross-reactivity with rhesus monkey IFN-␣, the provided reference does not clearly demonstrate such reactivity.
Fluorescence-activated cell sorter (FACS) analysis of IFN-␣-producing cells. PBMC cultures were set up as described above, and 1 ϫ 10 6 PBMC were stimulated for 6 h with 5, 10, or 50 g of CpG ODN. PBMC cultured in media alone served as negative control cultures. Positive control cultures were stimulated for 6 h with herpes simplex virus (HSV) at a multiplicity of infection (MOI) of 1 as described previously (15, 19, 30) . During the last 2 h of stimulation, brefeldin A (10 g/ml) was added to all cultures. In preliminary studies, brefeldin A was added for different lengths of time during the culture period, and it was determined that the addition of brefeldin A during the last 2 h of incubation allowed detection of the maximum number of IFN-␣-positive cells (data not shown). Intracellular cytokine (ICC) staining with a monoclonal antibody for IFN-␣ (clone MMHA-2; PBL Biomedical Laboratories, Piscataway, NJ) was combined with surface marker staining to determine the phenotype of the IFN-␣-producing cells. Cells were phenotyped using a FITC lineage marker antibody cocktail (340546, Lin 1; anti-CD3, anti-CD14, anti-CD16, anti-CD19, anti-CD20, and anti-CD56; Becton Dickinson), anti-HLA-DR-PerCP (clone L243; Becton Dickinson), and anti-CD123-PE (clone 7G3; BD Pharmingen). As the anti-CD3 antibody in the lineage cocktail does not cross-react with rhesus monkey cells, an additional anti-CD3-FITC antibody was included (clone SP34; BD Pharmingen). After cell surface marker staining, cells were fixed with 1% paraformaldehyde (Electron Microscopy Sciences, Washington, PA) in phosphate-buffered saline (Sigma, St. Louis, MO) and permeabilized using phosphate-buffered saline supplemented with 0.5% saponin (Sigma) and 2% fetal bovine serum and stained for intracellular IFN-␣ using an IFN-␣ antibody that recognizes multiple IFN-␣ subtypes. The IFN-␣ antibody was conjugated with allophycocyanin using a Zenon labeling kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. A total of 200,000 cells were collected and analyzed on a FACSCalibur (Becton Dickinson). The data were analyzed with FlowJo software (Tree Star Inc., Ashland, OR) using two different strategies. First, to determine the total frequencies and the identity of IFN-␣-producing cells in PBMC, a forward and side scatter gate that included lymphocytes and large mononuclear cells was set. IFN-␣-positive cells were then gated and analyzed for the percentage of PDC among IFN-␣-secreting cells. PDC were defined as lineage marker-negative and CD123-and HLA-DR-positive cells. Second, to determine the proportion of PDC producing IFN-␣ in response to CpG ODN stimulation, PDC frequencies in the PBMC population were determined first, and the percentage of IFN-␣-producing cells within the PDC population is reported.
TLR9 expression. Rhesus monkey PBMC or tissue cell suspensions were stained for surface antigens (CD3-PerCP, CD20-APC, and CD123-PE; BD Pharmingen) as described above to define rhesus monkey PBMC cell populations. After cell surface antigen staining, cells were fixed, permeabilized as described above, and stained for TLR9 with mouse anti-human TLR9 FITClabeled antibody (Imgenex, San Diego, CA). The TLR9 antibody was tested over a wide range of concentrations (0.01 to 2 g); the manufacturer's recommendation is 2 g per 1 ϫ 10 6 cells (Imgenex). For control purposes, rhesus monkey PBMC were stained with 2 g of mouse-anti-human immunoglobulin G1 (IgG1) antibody (BD Pharmingen). A total of 1 ϫ 10 6 cells were collected by using a FACSCalibur, and data were analyzed with FlowJo software (Tree Star, Inc.). TLR9 expression was determined for CD3-positive T cells, CD20 (clone 2H7; BD Pharmingen)-positive B cells, and CD3-and CD20-negative/CD123-positive PDC. The median fluorescence intensity (MFI) for each cell population is reported.
In addition, TLR9 mRNA levels were determined for distinct cell populations. Rhesus monkey lymph node cell suspensions were sorted for T cells, macrophages, and PDC. The following sorting strategy (data not shown) was applied using a MoFlo instrument (Dako, Carpenteria, CA). First, dead cells were excluded from the analysis by staining with propidium iodide (Sigma). Viable cells were then gated on CD20 and CD16 (clone 3G8; BD Pharmingen), and only cells negative for surface expression of CD20 and CD16 were included for collection. CD16/CD20 double-negative cells that were positive for CD3 were sorted into CD3/CD4 double-positive T cells and CD3-positive/CD4-negative T cell populations. CD16/CD20/CD3 triple-negative cells were then sorted into CD14-positive cells (macrophages) and CD123-positive cells (PDC). Sorted cell VOL. 12, 2005 CpG ODN-INDUCED CYTOKINE PROFILE IN RHESUS MONKEY PBMC 607 populations were immediately lysed in TRIzol and stored at Ϫ80°C until RNA isolation (see below). PCR amplification for TLR9 message was performed as described below. Amplification of cytokines, interferon-regulatory factors, and interferon-stimulated genes by reverse transcriptase real-time PCR. Total RNA was isolated using TRIzol (Invitrogen, Grand Island, NY) according to the manufacturer's protocol. All samples were DNase treated with DNA-free (Ambion) for 1 h at 37°C. cDNA was prepared using random hexamer primers (Amersham-Pharmacia Biotech, Inc., Piscataway, NJ) and Moloney murine leukemia virus reverse transcriptase (Invitrogen). Real-time PCR was performed as previously described (1, 3, 4) . Briefly, samples were tested in duplicate, and the PCR for the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the target gene from each sample were run in parallel on the same plate. The reaction was carried out on a 96-well optical plate (Applied Biosystems, Foster City, CA) in a 25-l reaction volume containing 5 l cDNA and 20 l Master Mix (Applied Biosystems). All sequences were amplified using the 7900 default amplification program, as follows: 2 min. at 50°C, 10 min. at 95°C, 40 cycles of 15 s at 95°C, and 1 min. at 60°C. Results were analyzed with the SDS 7900 system software, version 2.1 (Applied Biosystems). The mRNA expression levels were calculated from normalized change in cycle threshold (⌬Ct) values and are reported as the increase of target gene mRNA levels in CpG ODN-or HSVstimulated PBMC of each individual monkey compared to target gene PBMC mRNA levels in medium control PBMC cultures of the same donor at the same time point. Ct values correspond to the cycle number at which the fluorescence due to enrichment of the PCR product reaches significant levels above the background fluorescence (threshold). In this analysis, the Ct value for the housekeeping gene (GAPDH) is subtracted from the Ct value of the target gene. The ⌬Ct value for the CpG ODN-or HSV-stimulated PBMC sample is then subtracted from the ⌬Ct value of the corresponding medium control sample of the same donor PBMC at the same time point (⌬⌬Ct). Assuming that the target gene and the reference gene (GAPDH) are amplified with the same efficiency (data not shown), the increase in target gene mRNA levels in CpG ODN-or HSVstimulated PBMC compared to PBMC mRNA levels in medium control cultures (labeled as "Increase in mRNA levels" on the y axis of relevant figures) is then calculated as: increase ϭ 2 Ϫ⌬⌬Ct (User bulletin 2, ABI Prism 7700 sequence detection system; Applied Biosystems).
Primer-probe sequences for IFN-␤, (2Ј,5Ј)-oligoadenylate synthetase (OAS), IP-10/CXCL10, tumor necrosis factor alpha (TNF-␣), interleukin 6 (IL-6), the p40 subunit of IL-12 (IL-12p40), and IFN-␥ have been published previously (1) (2) (3) (4) . The primer-probe sequences for IFN-␣ were based on the human IFN-␣ 2 gene, GenBank accession number Y11834 (2). The following sequences (5Ј-to-3Ј direction) were used to amplify IRF-3, 5, and 7: for IRF-3, forward primer AAG CCA GAC CTG CCA ACC T, reverse primer CTT GCT CCG GTC CTC TGC TA, and probe CCT CAA CCG CAA AGA AGG GTT GCG; for IRF-5, forward primer TTC GAG ATC TTC TTC TGC TTT GG, reverse primer GCT ACA GGC ACC ACC TGT ACA G, and probe CGC AAA CCC CGA GAG AAG AAG CTC A; for IRF-7, forward primer TCC CCA CGC TAT ACC ATC TAC CT, reverse primer ACA GCC AGG GTT CCA GCT T, and probe ACC AGG ACC AGG CTC TTC TCC TTG GG. Note that the probes were 3Ј labeled with 6-carboxyfluorescein and 5Ј labeled with 6-carboxytetramethylrhodamine.
TLR9 mRNA was amplified using the following primer-probe pair (5Ј-to-3Ј direction) that was designed based on the human TLR9 sequence (GenBank accession number AF245704.1): forward primer, CTC TGA AGA CTT CAG GCC CAA CT; reverse primer, TGC ACG GTC ACC AGG TTG T; and probe, AGC ACC CTC AAC TTC ACC TTG GAT CTG TC. TLR9 mRNA expression levels in various rhesus monkey cell populations are reported as relative increase in TLR9 mRNA levels compared to TLR9 mRNA levels in CD3 ϩ CD4 ϩ T cells. Statistical analysis. Data were, if not otherwise indicated, analyzed by OneWay ANOVA with post hoc Tukey comparisons using InStat software (Graph Pad Software Inc., San Diego, CA). Area-under-the-curve analysis and correlations between multiple data sets were determined using Prism software, version 4.0 (Graph Pad Software Inc.).
RESULTS
IFN-␣/␤ mRNA and protein expression levels in rhesus monkey PBMC after CpG ODN stimulation. CpG ODN of all three classes induced a rapid increase of IFN-␣ mRNA levels, but there were clear differences in the kinetics and duration of the response depending on the type and dose of CpG ODN used.
Independent of the type of CpG ODN used, IFN-␣ mRNA levels were increased several hundred-to several thousandfold by 6 h (Fig. 1) . Importantly, however, IFN-␣ mRNA levels increased significantly in a dose-dependent manner after stimulation with CpG-A ODN (P ϭ 0.01), whereas in CpG-B ODN-stimulated PBMC, there was a statistically significant dose-dependent decrease in IFN-␣ mRNA levels (P ϭ 0.003) (Fig. 1) . Similarly, there was a trend toward reduced IFN-␣ mRNA levels in 50 g compared to 5 g CpG-C ODN-stimu- VOL. 12, 2005 CpG ODN-INDUCED CYTOKINE PROFILE IN RHESUS MONKEY PBMC 609 lated PBMC, but this difference did not reach the level of statistical significance (Fig. 1) .
As all three classes of CpG ODN induced a marked increase in IFN-␣ mRNA levels after 6 h of stimulation with 5 g of CpG ODN, this concentration was chosen to determine the kinetics and duration of the IFN-␣/␤ response in subsequent experiments. In CpG-A ODN-stimulated PBMC, IFN-␣ mRNA levels peaked between 12 and 24 h, persisted at increased levels for 48 h, and were undistinguishable from baseline IFN-␣ mRNA levels by 96 h (Fig. 2A) . In contrast, IFN-␣ mRNA levels in cultures stimulated with CpG-B ODN were highest at 6 h, were declining by 12 h, and were undistinguishable from baseline IFN-␣ mRNA levels by 24 h. Stimulation with the CpG-C ODN showed a pattern that was intermediate between those of CpG-A and CpG-B ODN. Importantly, despite a relatively large donor-to-donor variation in the response to CpG ODN, the observed differences in the IFN-␣ response depending on the type of CpG ODN used reached statistical significance. At 24 and 48 h, IFN-␣ mRNA levels were significantly higher (P Ͻ 0.001 and P Ͻ 0.01, respectively) in CpG-A ODN compared to both CpG-B and CpG-C ODNstimulated PBMC. Further, area-under-the-curve analysis of IFN-␣ mRNA levels over the 96-h culture period (data not shown) showed that IFN-␣ mRNA levels were significantly higher in CpG-A ODN than in CpG-B and CpG-C ODNstimulated PBMC (P Ͻ 0.05). Consistent with the intermediate response pattern observed for CpG-C ODN-stimulated PBMC, IFN-␣ mRNA levels at the 24-h time point were significantly higher (P Ͻ 0.05) in CpG-C ODN than in CpG-B ODN-stimulated PBMC ( Fig. 2A) . Thus, the kinetics and duration of IFN-␣ mRNA expression differed depending on the type of CpG ODN used.
The induction of IFN-␣ is preceded by the induction of IFN-␤ (52, 57). In fact, for all three CpG ODN classes, increases in IFN-␤ mRNA levels were observed, but they were transient in nature and less sustained than the IFN-␣ response (Fig. 2B) . IFN-␤ mRNA levels increased during the first 12 h after CpG-A and CpG-C ODN stimulation and then returned to baseline levels by 24 h (Fig. 2B) . In contrast, after CpG-B ODN stimulation, IFN-␤ mRNA levels rapidly declined after 6 h and, thus, it is likely that the peak of IFN-␤ mRNA expression occurred prior to 6 h. This was consistent with the more rapid and transient induction of IFN-␣ mRNA levels after CpG-B ODN stimulation. Thus, to more accurately determine the kinetics and peak responses of IFN-␤ and IFN-␣ mRNA induction after CpG-B ODN stimulation, IFN-␤ and IFN-␣ mRNA levels were measured at 2, 4, 6, and 12 h in a subset of donors (Fig. 2, insets) . Indeed, peak IFN-␣ mRNA levels were reached at 4 h ( Fig. 2A, inset) , and IFN-␤ mRNA levels were only transiently increased between 2 and 6 h after CpG-B ODN stimulation (Fig. 2B, inset) .
The results of the PCR-based analysis of PBMC IFN-␣ mRNA levels after CpG ODN stimulation were compared to IFN-␣ protein production by performing an ELISA measuring multiple IFN-␣ subtypes in supernatants collected from cultures stimulated with 5 g of CpG ODN. This concentration was chosen as it resulted in similar peak IFN-␣ mRNA levels independent of the type of CpG ODN used. As expected, the increase in IFN-␣ mRNA levels preceded the peak increase in IFN-␣ protein at 24 and 48 h (Fig. 3) . Although relatively low levels of IFN-␣ protein were detectable in rhesus monkey PBMC cultures compared to results obtained in similar studies using human PBMC cultures (67) , it should be noted that an ELISA specific for human IFN-␣ was used for these monkey experiments, and the extent to which this human IFN-␣ ELISA cross-reacts with rhesus monkey IFN-␣ is unknown (see Materials and Methods). Despite the possibility that the ELISA may not have detected all of the protein in the culture media, IFN-␣ protein levels were significantly higher in CpG-A ODNstimulated PBMC than in CpG-B and CpG-C ODN at 24 and 48 h (P Ͻ 0.02 and P Ͻ 0.006, respectively, Mann-Whitney test). Although peak IFN-␣ mRNA levels were similar in all three classes of CpG ODN, IFN-␣ protein levels in CpG-B ODN-stimulated PBMC never reached the levels found for CpG-A and CpG-C ODN-stimulated PBMC. The most likely explanation for this result is that the transient increase in IFN-␣ mRNA in CpG-B ODN-stimulated PBMC was not of sufficient duration to stimulate equivalent protein production (Fig. 3) .
Frequency and phenotype of IFN-␣-producing cells. The frequency and phenotype of IFN-␣-producing cells in CpG ODN-stimulated rhesus monkey PBMC was determined using a flow cytometry-based ICC assay. In medium control cultures, frequencies of IFN-␣-positive cells were low (0.002 to 0.009%) ( Table 1) . As a positive control, PBMC cultures of the same donors were infected with HSV, a virus known to induce IFN-␣ production in human and rhesus monkey PBMC (15, 19, 30) . As expected, IFN-␣-secreting cells (0.06 to 0.41% of PBMC) were readily detectable in HSV-stimulated rhesus monkey PBMC ( Fig. 4 ; Table 1 ). The ability to detect IFN-␣-secreting cells by ICC after 6 h of CpG ODN stimulation was associated with the kinetics and magnitude of IFN-␣ mRNA induction. Consistent with the more rapid induction of IFN-␣ mRNA in CpG-B ODN-stimulated PBMC and the assumption that a threshold amount of IFN-␣ protein needs to accumulate within responding cells to allow the detection of IFN-␣-producing cells in the whole PBMC population by FACS analysis, at 6 h after stimulation with 5 g of all three CpG ODN classes, IFN-␣-producing cells were consistently detectable only after CpG-B ODN stimulation (0.021% to 0.054% of PBMC) ( Fig. 4; Table 1 ). In CpG-A ODN-stimulated PBMC, in which IFN-␣ mRNA levels CpG ODN dose (g/ml) a Six-hour stimulation was used. Boldface type indicates a significant (P Ͻ 0.03) correlation between the frequencies of IFN-␣-producing PBMC in response to optimal stimulation with each CpG ODN class and the frequencies of PDC in the PBMC population of the same donors.
b This donor was not tested at 5 and 10 g. peaked between 12 and 24 h, IFN-␣-producing cells were detectable for only one out of three donors (28893) after 6 h of stimulation with 5 g CpG-A ODN (0.021% of PBMC) (Fig. 4 , Table 1 ). However, consistent with the dose-dependent increase in IFN-␣ mRNA levels by CpG-A ODN, IFN-␣-secreting cells were readily detectable for all three donors after stimulation with 50 g of CpG-A ODN. Stimulation of rhesus monkey PBMC with CpG-C ODN resulted in an intermediate dose response pattern compared to CpG-A and CpG-B ODN ( Fig. 4; Table 1 ). IFN-␣-producing cells were detectable after stimulation with 5 g CpG-C ODN for only one out three donors tested and for two out of three donors after stimulation with 10 g CpG-C ODN, while IFN-␣-producing cells were detectable for five out of six donors when stimulated with 50 g CpG-C ODN ( Fig. 4; Table 1 ). In contrast, and consistent with the dose-dependent decrease of IFN-␣ mRNA levels after CpG-B ODN stimulation, the frequencies of IFN-␣ producing in PBMC stimulated with 50 g of CpG-B ODN were undistinguishable from medium control cultures ( Fig. 4; Table 1 ).
Thus, while there were no apparent differences in the peak frequencies of IFN-␣-producing cells depending on the type of CpG ODN used, the dose of each type of CpG ODN required to detect this response in a 6-h ICC assay differed. It is noteworthy that the frequencies of IFN-␣-producing cells in CpG ODN-stimulated PBMC never reached the frequencies seen with paired HSV-stimulated cultures (average, 0.18% of PBMC; range, 0.06 to 0.41%) ( Table 1) .
The discrepancy between the marked increase in IFN-␣ mRNA levels and low frequencies of IFN-␣-secreting cells in CpG ODN-stimulated rhesus monkey PBMC is consistent with the conclusion that a relatively rare cell population accounts for the bulk of the IFN-␣ mRNA and protein production. It has been demonstrated that CpG ODN-dependent IFN-␣ production requires signaling through TLR9 (27) . Therefore, rhesus monkey PBMC and tissue cell suspensions were stained with a human anti-TLR9 antibody, and TLR9 expression was determined for T cells, B cells, and PDC (Fig. 5 ). All three cell populations showed intracellular expression of TLR9 compared to the isotype control antibody (Fig. 5B) . It should be noted that the TLR9 antibody was tested at multiple concentrations, ranging from 0.01 to 2 g per one million cells, and the same general pattern was observed at all concentrations tested (data not shown). A representative example of intracellular TLR9 expression in rhesus monkey tissue cell suspensions using a low TLR9 antibody concentration (0.05 g) is shown in Fig. 5A . A similar expression pattern was observed at higher TLR9 antibody concentrations, and a representative histogram plot of TLR9 expression after staining with 2.0 g of TLR9 antibody is shown in Fig. 5B for CD3 ϩ T cells, CD20 ϩ B cells, and CD3
Ϫ CD20 Ϫ CD123 ϩ PDC of rhesus monkey blood. Importantly, in all samples tested (for PBMC, n ϭ 4; for tissue cell suspensions, n ϭ 4), the MFI was higher in PDC than in B cells and T cells. In contrast, even at the highest concentration tested, the MFI in all three cell populations stained with the relevant control IgG1 antibody was similar and much lower (Fig. 5B) .
In addition, we determined TLR9 mRNA levels in available FACS-sorted rhesus monkey T cells and PDC of peripheral and genital rhesus monkey lymph nodes (Table 2 ). TLR9 mRNA levels were 100-to 1,000-fold higher in rhesus monkey PDC than in T cells. Thus, the data suggest that, similar to humans, rhesus monkey PDC are the main TLR9-expressing cell population in rhesus monkeys and, thus, PDC are most likely the primary responder cell population to CpG ODN stimulation.
Indeed, after maximum stimulation with CpG-A ODN (50 g), in three out of three donors tested, 78.0 to 87.8% of the IFN-␣-producing cells were lineage marker-negative and CD123-positive cells and thus could be characterized as PDC (15, 16) : (Fig. 6, Table 1 ). In two out of three donors stimulated with an optimal dose of CpG-B ODN (5 g), 83.2 to 87.0% of the IFN-␣-producing cells were PDC, but in one out of three donors, PDC accounted for only 23.7% of the IFN-␣-producing cells. In rhesus monkey PBMC stimulated with 50 g CpG-C ODN, PDC accounted for Ͼ50% of the IFN-␣-producing cells in five out of six donors, but in one out of six donors, only 19.9% of the IFN-␣-producing cells were PDC. Similarly, in rhesus monkey PBMC stimulated with 5 and 10 g CpG-C ODN, Ͼ50% of the IFN-␣-producing cells were PDC in two out of three donors, but in one out of three donors, Ͻ50% of the IFN-␣-producing cells were PDC. The majority of the IFN-␣-positive PDC after stimulation with the optimal dose of each CpG ODN class (CpG-A ODN, 50 g; CpG-B ODN, 5 g; and CpG-C ODN, 50 g) expressed HLA-DR (54 to 100%) (Fig. 6, Table 1 ). Thus, despite the large variability observed in the frequencies of IFN-␣-producing cells in response to CpG ODN, PDC are the main IFN-␣-producing cell type in rhesus monkey PBMC after CpG ODN stimulation. The frequencies of IFN-␣-producing cells and IFN-␣-positive PDC for each individual donor tested in response to the various classes of CpG ODN and to the different doses of each CpG ODN are listed in Table 1 . 
VOL. 12, 2005 CpG ODN-INDUCED CYTOKINE PROFILE IN RHESUS MONKEY PBMC 615
As detailed above, the frequencies of IFN-␣-positive cells elicited in response to the same stimulus varied among the PBMC from different donors. Thus, the total frequency of PDC (Lin Ϫ CD123 ϩ HLA-DR ϩ ) in PBMC and the percentage of PDC responding with IFN-␣ production to each stimulus were determined for each donor (Table 1) . Although the stronger IFN-␣ response to CpG-A ODN stimulation in monkey 28893 could not be explained by higher PDC frequencies in PBMC (0.049% of PBMC) compared to the other two donors (27593, 0.07%; 27962, 0.10% of PBMC), it is noteworthy that the one donor with the lowest frequency of IFN-␣-producing cells after stimulation with 5 g CpG-B ODN (26412) also had the lowest frequency of PDC among the three donors stimulated with 5 g CpG-B ODN. In fact, there was a significant (P Ͻ 0.03) correlation between the frequencies of IFN-␣-producing PBMC in response to optimal stimulation with each CpG ODN class and the frequencies of PDC in the PBMC population of the same donors (Table 1 , values shown in boldface type). This observation is consistent with the conclusion that the PDC is the primary cell type responsible for IFN-␣ production in rhesus monkey PBMC.
Despite the fact that PDC accounted for the majority of the IFN-␣-producing cells after CpG-A, CpG-B, and CpG-C ODN stimulation, only 5.6 to 52.5% of all PDC secreted IFN-␣ in response to CpG-A, CpG-B, and CpG-C ODN stimulation at the optimal dose (Table 1 ). In contrast, 45.7 to 79.8% of PDC produced IFN-␣ in response to HSV stimulation (Table 1) .
IRFs and ISG. To determine why IFN-␣ mRNA levels were more sustained after A and C class compared to B class CpG ODN stimulation, gene expression levels for IRF-3, IRF-5, and IRF-7 were assessed after stimulation of rhesus monkey PBMC with 5 g of CpG ODN. IRF-3 expression alone is sufficient for IFN-␤ induction, but for IFN-␣ gene expression, IRF-5 and IRF-7 must be induced (8, 68) . After CpG ODN stimulation, gene expression levels for IRF-3 in PBMC remained unchanged (data not shown), and IRF-5 mRNA levels increased only minimally and transiently at 12 h poststimulation with all three CpG ODN classes (data not shown). In contrast, IRF-7 mRNA levels increased, peaked at 24 h, and persisted at slightly elevated IRF-7 mRNA levels throughout the culture period (Fig. 7A) . CpG-A ODN induced the most pronounced change in IRF-7 mRNA levels. However, due to variability in the response among donor animals and the small number of donors tested, the difference in IRF-5 and IRF-7 mRNA levels between CpG-A ODN and CpG-B or CpG-C ODN-stimulated rhesus monkey PBMC did not reach statistical significance.
The differences in mRNA levels of ISG induced in response to the three CpG ODN classes were striking. In general, the mRNA expression kinetics for OAS and IP-10/CXCL10 were similar to the kinetics of IRF-7 mRNA levels. mRNA expression levels peaked at 24 h, and elevated mRNA levels persisted throughout the culture period ( Fig. 7B and C) . The fastest and strongest increases in OAS and IP-10/CXCL10 mRNA levels were seen with CpG-A ODN-stimulated PBMC (Fig. 7B and  C) . In response to CpG-C ODN, OAS and IP-10/CXCL10 mRNA levels also increased rapidly, but by 24 h OAS and IP-10/CXCL10 mRNA levels had declined, whereas they persisted at peak levels in CpG-A ODN-stimulated PBMC. OAS and IP-10/CXCL10 mRNA levels were only slightly elevated in CpG-B ODN-stimulated PBMC. Thus, as was observed for IFN-␣ mRNA levels, CpG-A ODN-activated PBMC had significantly higher OAS and IP-10/CXCL10 mRNA levels than CpG-B ODN-stimulated PBMC (P Ͻ 0.05) at 24 and 48 h. Further, CpG-A ODN-induced OAS mRNA levels were significantly higher than those for CpG-C ODN (P Ͻ 0.05, Student's t test) at 48 h. In contrast, IP-10/CXCL10 mRNA levels had declined to similar levels in response to all three CpG ODN by 48 h. Consistent with IP-10/CXCL10 mRNA levels, IP-10/CXCL10 protein levels were significantly higher in culture supernatants of CpG-A ODN than in CpG-B ODN-stimulated PBMC at 24 h (P Ͻ 0.03, Student's t test), but levels were similar in all CpG ODN-stimulated cultures by 48 h (Fig.  7D) . It should be noted that IP-10/CXCL10 could also be induced by IFN-␥. Thus, although IFN-␣ induction is not sustained in CpG-B ODN-stimulated rhesus monkey PBMC, the induction of IFN-␥ by CpG-B ODN might be responsible for elevated IP-10/CXCL10 levels in CpG-B ODN-stimulated rhesus monkey PBMC at this later time point (see below). Induction of proinflammatory cytokines by CpG ODN. Stimulation of rhesus monkey PBMC with class A, B, and C CpG ODN resulted in the induction of several proinflammatory cytokines, but the specific cytokines induced were dependent on the CpG ODN class used. In analogy to the comparative analysis of IFN-␣ and ISG mRNA levels after stimulation of rhesus monkey PBMC with the three different CpG ODN classes, the kinetics and duration of the induction of proinflammatory cytokines were determined using 5 g of CpG ODN. Proinflammatory cytokines were most strongly induced by CpG-B ODN, were induced to a lesser extent by CpG-C ODN, and were induced least by CpG-A ODN (Fig. 8) .
The induction of TNF-␣ was rapid and transient, as TNF-␣ mRNA levels were highest at 6 h and had returned to baseline values by 24 h (Fig. 8A) . Thus, and as observed for IFN-␣/␤ mRNA levels, it is likely that the peak of TNF-␣ mRNA expression occurred prior to the 6-h collection. The difference in TNF-␣ mRNA levels in CpG-B ODN-and CpG-A ODNstimulated PBMC at 6 h was statistically significant (P Ͻ 0.01) (Fig. 8A) . CpG-B and CpG-C ODN also induced a transient increase in IL-12p40 mRNA levels, with the highest IL-12p40 mRNA levels being observed for CpG-B ODN-stimulated cultures (Fig. 8B ). At both 6 and 12 h, IL-12p40 mRNA levels were significantly higher in CpG-B ODN-than in CpG-A ODN-stimulated PBMC (P Ͻ 0.05). IL-6 mRNA levels were persistently increased throughout the culture period after stimulation with CpG ODN of all three classes, but, as was observed for TNF-␣ and IL-12p40, IL-6 mRNA levels were highest after stimulation with CpG-B ODN and lowest with CpG-A ODN (Fig. 8C) . In fact, IL-6 mRNA levels were significantly higher in CpG-B ODN-than in CpG-A ODN-stimulated PBMC at 24 and 48 h (P Ͻ 0.01 and P Ͻ 0.04, respectively, Student's t test) (Fig. 8C) .
PBMC stimulation with 5 g of CpG-B ODN also markedly elevated IFN-␥ mRNA levels, while only a slight and transient increase in IFN-␥ mRNA levels was induced by CpG-C ODN, and no IFN-␥ mRNA was induced by CpG-A ODN (Fig. 8D) . Interestingly, however, an increase in IFN-␥ mRNA levels was observed with PBMC stimulated with 50 g of CpG-A ODN (P Ͻ 0.02), while no further increase in IFN-␥ mRNA levels was observed with PBMC after stimulation with 50 g of CpG-B or CpG-C ODN (Fig. 9D) . Stimulation of rhesus monkey PBMC for 6 h with 50 g of CpG-B ODN did not result in decreased mRNA levels of TNF-␣ and IL-6 and resulted in only slightly reduced mRNA levels of IL-12 ( Fig. 9A to C) . Thus, in contrast to the observed decrease in IFN-␣ mRNA levels after high-dose (50 g) CpG-B ODN stimulation, CpG-B ODN had the most pronounced increase in proinflammatory cytokine mRNA levels of all three CpG ODN classes, and this was independent of the dose of CpG-B ODN used (Fig. 9) .
DISCUSSION
In mouse model systems, CpG ODN have been used as vaccine adjuvants and to prevent bacterial, viral, and parasitic infections (21, 23, 34, 46, 70) . CpG ODN are also effective as vaccine adjuvants in nonhuman primates and humans (17, 22, 31, 34, 62, 66) . However, there are no published reports that CpG ODN can be used effectively for preventative or therapeutic interventions in viral diseases in nonhuman primates or humans. In the latter application, the induction of strong IFN-␣ responses is likely to be critical. To determine the relative suitability of the three different CpG ODN classes for use in the immunoprophylaxis of viral diseases, the present study analyzed the cytokine gene expression profiles induced in rhesus monkey PBMC by the three CpG ODN classes. Further, we determined the kinetics, duration, and dose dependency of the IFN-␣ response for each class of CpG ODN.
All three classes of CpG ODN induced an early IFN-␣/␤ response in rhesus monkey PBMC characterized by a transient increase in IFN-␤ mRNA levels followed by a rapid and more sustained induction of IFN-␣. However, there were clear differences in the nature of the IFN-␣ response induced, depending on the type and dose of CpG ODN used. Although the induction of IFN-␣/␤ interferon mRNA levels in rhesus monkey PBMC was most rapid after CpG-B ODN stimulation, it was only transient. Consistent with previous reports (63, 64) , IFN-␣ responses were more sustained in CpG-A ODN-than in CpG-B ODN-stimulated PBMC. We now show for the first time that rhesus monkey PBMC respond to CpG-C ODN with IFN-␣ responses that were intermediate in duration and magnitude compared to CpG-A-and CpG-B ODN-induced interferon responses. Importantly, the observed CpG ODN classdependent differences in IFN-␣/␤ responses were statistically significant despite the variability of the responses among different donor PBMC. Class C CpG ODN also elicit responses intermediate between those of class A and B CpG ODN in human PBMC (67) .
It has been previously demonstrated that PDC are the main IFN-␣-producing cells after CpG ODN stimulation in humans (55), and we now report that rhesus monkey PDC are the main responder cell population to CpG ODN stimulation in rhesus monkey blood. Importantly, we demonstrate for the first time that rhesus monkey PDC express TLR9, the receptor for CpG ODN (10, 27) . Further, and similar to data for humans (28, 69) , TLR9 expression levels are higher in rhesus monkey PDC than in T and B cells. The observed frequencies of IFN-␣-producing PDC in rhesus monkey PBMC were comparable to frequencies observed for human PBMC after CpG ODN stimulation (37) . Consistent with studies of human PBMC that show that human B and T cells are not or are only weakly activated by CpG-A ODN (5, 24, 65), we detected very little IFN-␣ production in CD3 ϩ T cells and CD20 ϩ B cells in CpG ODN-stimulated rhesus monkey PBMC (data not shown). As PDC rapidly down-regulate CD123 upon activation (55) , it is possible that, in fact, 100% of the initial responder cells to CpG ODN stimulation in rhesus monkey PBMC cultures were PDC.
The ability to detect IFN-␣ producing PDC by flow cytometry in rhesus monkey PBMC after CpG ODN stimulation was related to the kinetics and the magnitude of IFN-␣ mRNA induction. There was a significant dose-dependent increase in IFN-␣ mRNA levels in CpG-A ODN-stimulated PBMC but a statistically significant dose-dependent decrease in IFN-␣ mRNA levels in CpG-B-stimulated PBMC. Stimulation of rhesus monkey PBMC with CpG-C ODN resulted in a dose response pattern intermediate between those of CpG-A and CpG-B ODN. Importantly, the dose-dependent inhibition of the IFN-␣ responses observed after CpG-B ODN stimulation was specific, as there was no apparent dose-dependent decrease in mRNA levels of several proinflammatory cytokines. It has been reported previously that high concentrations of CpG-B ODN result in reduced IFN-␣ production by murine dendritic cells (26, 27) .
Although the differences in the kind and magnitude of the responses induced by the different CpG ODN classes have been well documented for mice, nonhuman primates, and humans (33, 35, 37, 38, (63) (64) (65) , the underlying molecular mechanism(s) regulating these different responses has not been fully elucidated. It is well established that the early IFN-␣ response depends on activation of IRF-3, but a sustained response and the induction of IFN-␣ subtypes and ISG requires the activation of both IRF-3 and IRF-7 (7, 41, (59) (60) (61) . In the present study, rhesus monkey PBMC IRF-3 mRNA levels did not change in response to CpG ODN stimulation, as was expected given the constitutive expression of this gene. In contrast, IRF-5 and IRF-7 mRNA levels increased after stimulation with all three classes of CpG ODN. While there was no difference in the kinetics or magnitude of elevated IRF-5 mRNA levels after stimulation with CpG-A, CpG-B, or CpG-C ODN, the highest IRF-7 mRNA levels were induced by CpG-A ODN. Although the early increase in IFN-␣ mRNA levels was apparently independent of increased IRF-7 mRNA levels, the more prolonged elevation of IFN-␣ mRNA levels and higher IFN-␣ protein levels after CpG-A ODN stimulation were associated with higher mRNA levels of IRF-7. Further, despite similar frequencies of IFN-␣-producing cells after stimulation of rhesus monkey PBMC with each class of CpG ODN (as detected by ICC), only minimal levels of IFN-␣ protein were detected by ELISA after CpG-B ODN stimulation. The most likely explanation is that the transient induction of IFN-␣ mRNA levels after CpG-B ODN stimulation was not sufficient in duration to result in detectable protein secretion. Although the IFN-␣ ELISA data should not be overinterpreted, as the observed IFN-␣ protein levels after CpG ODN stimulation of rhesus monkey PBMC are considerably lower than IFN-␣ protein levels observed after stimulation of human PBMC with the same CpG ODN and the cross-reactivity of the used human IFN-␣ ELISA kit with rhesus monkey IFN-␣ has not been clearly established, IFN-␣ protein levels were significantly higher in CpG-A ODN-stimulated PBMC than in PBMC stimulated with CpG-B and CpG-C ODN.
Importantly, the sustained IFN-␣ response induced by CpG-A ODN resulting from the marked increase in IRF-7 mRNA levels was associated with the greatest increase in OAS and IP-10/CXCL10 mRNA levels. It has been previously demonstrated that the induction of IP-10/CXCL10 in human PDC in response to CpG ODN stimulation is dependent on IFN-␣ production (13) . Thus, the observed increase in the mRNA levels of several interferon-stimulated genes and the detection of IP-10/CXCL10 protein at levels comparable to those observed for human PBMC after CpG ODN stimulation (13) confirm that CpG ODN can induce IFN-␣ responses in rhesus monkey PBMC.
However, while the differences in IRF-7 mRNA levels after CpG-A ODN stimulation and after CpG-B and CpG-C stimulation are potentially important, they did not reach statistical significance. Thus, differences in IRF-7 mRNA expression levels can only partially account for the more prolonged IFN-␣ response and the stronger induction of ISG in CpG-A ODNstimulated PBMC. In fact, while CpG-A and CpG-C ODN induced a strong and sustained IFN-␣ response, CpG-B ODN stimulation resulted in the induction of several proinflammatory cytokines. Thus, it is likely that the selective induction of different transcription factors by CpG-A, CpG-B, and CpG-C ODN are responsible for the distinct gene expression patterns observed.
Our results suggest that the different types of CpG ODN induce different post-TLR9 signaling pathways, resulting in different gene expression patterns. CpG-A ODN were most effective in inducing IFN-␣/␤ genes, but CpG-B ODN were most potent in the induction of proinflammatory cytokine genes and immunoregulatory cytokines associated with the development of adaptive immune responses. CpG-C ODN-induced gene expression patterns were intermediate between those of CpG-A and CpG-B ODN, resulting in the induction of IFN-␣/␤ and proinflammatory cytokines.
The distinct nature of the innate immune response to each class of CpG ODN indicates that each class of CpG ODN may have specific clinical applications. The choice of CpG ODN will depend on the type of pathogen and the nature of host immune mechanisms responsible for pathogen clearance. CpG-B ODN induce proinflammatory cytokines and chemokines that result in the activation and recruitment of various immune effector cells. While this response probably contributes to the excellent vaccine adjuvant properties of B class CpG ODN, the inflammatory response may be detrimental in settings where immune activation favors pathogen replication, as was observed for CpG-B ODN treated mice that were challenged with Friends retrovirus (50) .
In contrast, CpG-A and CpG-C ODN are potent inducers of the antiviral cytokine IFN-␣ and of IFN-␣-induced antiviral effector molecules. As CpG-A ODN are difficult to produce, C class CpG ODN appear to be the most likely candidates for 
